ABSTRACT. The relationship between the canine distemper virus (CDV) infection and apoptosis in the canine lymphoid tissues was investigated using immunostaining for single stranded DNA (ssDNA), TdT-mediated dUTP-biotin nick end-labeling (TUNEL) method, and electron microscopy. Twenty-six lymphoid tissues from 8 spontaneously CDV-infected dogs and 1 non-infected dog were used, and lesions were classified into 4 groups according to frequency of the CDV-antigen. Histologically, the degree of lymphoid depletion tended to depend on amount of CDV antigen. The numbers of ssDNA-and TUNEL-labeling cells were significantly high in the lymphoid tissues with abundant viral antigen. However, ssDNA-and TUNEL-positive lymphocytes were also frequently found even in the lymphoi d tissues where there was only a small amount of CDV-antigen in sinus histiocytes. The incidence and distribution of apoptotic cells in the CDV-antigens-negative lymphoid tissues from infected dogs were equal to those from a non-infected dog. Double labeling immunostaining using a ssDNA and a CDV nucleocapsid protein (CDV-NP) antibody revealed that there were ssDNA positive but CDV-NP negative cells besides those stained doubly positive. Ultrastructurally, lymphocytes in the CDV-infected lymphoid tissues frequ ently had characteristic morphological features of apoptosis such as apoptotic bodies. All these results suggest that CDV leads to lymphocytic apoptosis directly or indirectly, resulting in severe lymphoid depletion and immunosuppression in acute or subacute phase of CDV in fection. KEY WORDS: apoptosis, canine distemper virus, immunosuppression, ssDNA, TUNEL method.
Canine distemper virus (CDV), genus morbillivirus, family paramyxoviridae, infects young dogs through several routes such as aerosol or droplet infection and contacts the epithelium of the upper respiratory tracts [8, 23] . CDV is replicated in macrophages and lymphocytes of the upper respiratory tracts and disseminated to systemic lymph nodes and various organs including the spleen, thymus, bone marrow and gastrointestinal lymphoid tissues [8] . It has been widely known that CDV causes severe persisting immunosuppression with lymphoid depletion during or after an acute infection, resulting in bronchopneumonia due to secondary bacterial infections, acute non-suppurative encephalitis, and subchronic demyelinating leukoencephalitis [15, 25, 27] .
The pathogenesis of immune suppression due to CDV remains unclear. It has been supposed that CDV may be replicated in the immunocompetent cells, especially the CD4+ T cells during acute phase, resulting in lymphopenia [11, 31] . Also it has been recognized that CDV induces lymphopenia without a significant decrease of neutrophils, eosinophils and monocytes [18] . Moreover, lymphoid depletion by acute CDV infection may recur in the course of the chronic phase, but immunocompetent in lymphoid tissues after the elimination of the virus does not turn out completely [14, 15] .
The measles virus (MV), which is related closely to CDV [8, 23] , is also known to cause severe immunosuppression during an acute infection among infants. Previous investigations have shown MV-induced apoptosis in monocytic and lymphocytic lineages could relate to immunosuppression [4, 7, 12, 21, 22] . Likewise, apoptotic cell-death was also recognized in both CDV-infected Vero cells and inflammatory cells in chronic demyelinating encephalitis associated with CDV [10, 25] . However, there have been limited reports to stress on the role of apoptotic cell-death in the CDV-infected lymphoid tissue to explain the lymphoid depression among infected dogs except for a recent report [19] .
Morphologic features of apoptosis, which is called "programmed cell death", are defined as nuclear shrinkage and collapse, chromatin concentration, and formation of apoptotic body due to the fragmentation of DNA strands by an activated endogenous endonuclease [2] . As a role, the detection of fragmented DNA in the tissue sections has been used by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end-labeling (TUNEL) assay. Recently, the immunohistochemical method using an antisingle stranded DNA (ssDNA) antibody has been applied to detect apoptotic nuclei in situ [13, 28, 29] . This antibody specifically recognizes DNA 3'-OH ends, which are fragmented single-stranded DNA. Moreover it has been shown between the TUNEL assay and ssDNA-immunostaining correlate closely [28] .
The aim of this study was to elucidate the relationship between the CDV infection and the apoptotic cell-death in the lymphoid tissues of infected dogs. The present paper discusses the role of CDV-associated apoptotic-cell-death on the pathogenesis of lymphoid depletion in infected dogs.
MATERIALS AND METHODS
Samples: Twenty-six lymphoid tissue samples including the tonsils, and mandibular, mediastinal, and mesenteric lymph nodes were collected from 9 puppies having an acute or subacute CDV infection (Table 1 ). An immediate necropsy was performed after euthanasia in all dogs. Eight dogs were diagnosed as CDV infection by the detection of CDV antigens using a sandwich enzyme-linked immunosorbent assay (ELISA) (Adtec Inc, Ohita, Japan) from serum, pituita, stool and saliva, and the immunohistochemical methods on sections from the lungs, cerebrum and cerebellum. The remaining one had no evidence for CDV and was diagnosed as congenital hydrocephalus. All nine puppies were bred in a breeding company and vaccinated once or twice for CDV.
H isto lo g y: Tis su e sa mp le s w er e fix e d in 4 % paraformaldehyde for 24 hr at 4%. Then, the samples were dehydrated through graded alcohols and embedded in paraffin. Serial sections of 4 µm thick were mounted on sylancoated slides (Muto pure chemicals Co., Ltd, Tokyo, Japan) for routine pathological examination, immunohistochemistry and TUNEL methods.
Immunohistochemistry: Immunohistochemistry was performed with an Envision polymer reagent (DAKO-Japan, Kyoto, Japan). For the detection of CDV antigens, a monoclonal antibody against CDV nucleocapsid protein (CDV-NP, 1:200, VMRD Inc. San Francisco, U.S.A.) was used. For the detection of apoptotic cells, a polyclonal antibody against ssDNA (1:200, DAKO-Japan) was used. For CDV-NP-immunostaining, sections were autoclaved at 121°C for 5 min. For ssDNA-immunostaining, sections were treated with Proteinase K (DAKO-Japan) for 1 min at a concentration of 400 µg/ml of 0.1 M tris-HCl (pH 7.5). All sections were immersed into 3% (w/v) H 2 O 2 diluted in methanol for 10 min at room temperature to block the endogenous peroxidase activity, and then incubated with primary antibodies for CDV-NP or ssDNA at 37°C for 30 min followed by the Envision polymer reagent at 37°C for 30 min. The reaction products were visualized with 3,3'-diaminobenzidine tetrahydrochloride (DAB). The sections for CDV-NP immunostain were counterstained with Mayer's haematoxylin, and those for ssDNA with Light Green.
For the detection of apoptotic cells, a double labeling immunohistological stain was performed using a Histostain-DS KIT (ZYMED Laboratories, South San Francisco, U.S.A.). Briefly, for the ssDNA antibody, streptavidin biotin (SAB)-alkaline phosphatase system and BCIP/NTB were used. For CDV-NP, SAB-peroxidase system and hydrogen peroxide/AEC were used.
TUNEL method: The TUNEL method was performed using a system kit (Wako, Osaka, Japan) according to the manufacturers' procedures. Briefly, each of the sections was treated with the provided protein digestion enzyme reagent at 37°C for 5-10 min. For labeling DNA-ending, provided TdT reagent was treated at 37°C for 10 min. After the inactivation of endogenous peroxidase, sections were incubated with the provided peroxidase-conjugated antibody at 37°C for 10 min. The visualization of the reaction products and counterstain were performed using the same procedure as the ssDNA immunostain.
Electron microscopy: One fresh mediastinal lymph node from an infected dog was selected for ultrastractural examination. One millimeter cubes of a tissue were fixed in 2% glutaraldehyde and 2% paraformaldehyde at 4°C for 2 hr and then post-fixed in 2% osmium tetroxide at 4°C for 2 hr. Each of the samples was en bloc stained with 2% uranyl acetate at RT for 1 hr and dehyderated through graded alcohols and next propyrene oxide, and embedded in Quetol 812 (NISSIN EM Co., Ltd., Tokyo, Japan). The samples were cut at 0.5 µm-thickness section and stained with toluidine blue to select for ultrathin. The ultrathin sections were cut at 50 nm-thickness, and collected on 200 mesh copper grids, followed by staining with 2% uranyl acetate and lead citrate. These sections were examined with a HITACHI H-800 MV transmission electron microscope at 75 kV.
Statistical analysis: The CDV-NP positive antigens were scanned as CDV-positive area per a field in × 400 using image-processing software (Win Roof ver 3.1, Mitani corporation, Tokyo, Japan) and calculated the average square for 20 randomly selected fields in the lymphoid follicles. Each section was classified into 4 groups based on the average square: group 1; non-infected dog, group 2; 0% (no antigens of infected dog), group 3; >5% density of CDVantigens, and group 4; <5% CDV-antigens (Fig. 1) . The quantitative analysis for ssDNA immunostaining and the TUNEL assay was performed randomly at 40 selected fields in × 400 and counted the ssDNA and TUNEL positive nuclei, respectively. The correlative coefficient between the ssDNA and TUNEL positive cells was evaluated. One-way analysis of variance (ANOVA) was performed to evaluate the significant differences between 4 groups and the number of apoptotic cells visualized by ssDNA or the TUNEL method. The statistical significance was analyzed by Fisher's protected least significant difference method. The p-value (a two-sided) of < 5% was set up to indicate a statistically significant difference.
RESULTS

Histology and distribution of CDV antigen:
The lymphoid tissues from a non-infected dog had well-developed secondary follicles with germinal centers. No CDV-antigens could be detected. The lymphoid tissues of the infected dogs without CDV-antigens (group 2) consisted of small and immature follicles. The border between the cortex and medulla was relatively clear. The medulla of the lymph nodes was slightly expanded with moderate sinus histiocytosis and neutrophilic infiltration.
In the lymph nodes with a large number of CDV-antigens (groups 3 and 4), there was severe to moderate lymphoid depletion. The border between the cortex and medulla was difficult to distinguish. The medullary sinus was expanded markedly with mild to moderate histiocytosis and mild neutrophilic infiltration. In the lymph nodes with less than 5% CDV-antigen density (group 3), small amount of viral antigens were located in the macrophages or histiocytes in the medullary regions (Fig. 1b) . In the lymph nodes with more than 5%-CDV antigens (group 4), there was severe sinus histiocytosis, sometimes accompanied by syncytial giant cells. A large number of eosinophilic inclusion bodies were found in the cytoplasm and processes of these histiocytic cells. CDV-antigen was diffusely spread in the survival lymphocytes, histiocytes, macrophages or dendric cells in these lymph nodes.
Apoptosis assay: There was a highly significant correlation in the indexes between ssDNA and the TUNEL assays (r=+0.7165, Fig. 2) . In an uninfected dog, ssDNA-or TUNEL-positive cells were localized mainly in the germinal center and paracortical regions. On the other hand, in CDV infected dogs, ssDNA-or TUNEL-positive cells were found in both T-and B-cell areas, and in even the medulla in various degrees. Positive nuclei for ssDNA and the TUNEL assay were detected in morphologically intact lymphocytes and apoptotic bodies within the cytoplasm of macrophages.
The correlation between the distribution of CDV antigen and apoptotic index was summarized in Fig. 3 . ANOVA toward ssDNA immunostain indicated a significant difference between group 2 and 4 (P=0.0207), and nearly statistical significance between group 1 and 4 (P=0.0614). The number of positive nuclei in group 3 tended to increase as compared with those in group 2 (P=0.0919), and slightly increased as compared with those in group 1. Meanwhile the positive count in group 4 for the TUNEL method was statistically significant compared with group 1 (P=0.0482), and nearly significant with group 2 (P=0.0505). In group 3, there was a statistical significance toward group 1 and 2 (P=0.0425 and 0.0377, respectively).
Double labelling immunostaining:
In group 4, a large number of lymphocytes positive for both CDV and ssDNA were detected. The ssDNA positive cells without CDV antigens were also found around ssDNA-and CDV-positive cells. The number of ssDNA (+) / CDV (-) cells was almost equal to those of ssDNA (+) / CDV (+) cells (Fig. 4b) . In the group 3, the number of ssDNA (+) and CDV (+) cells was smaller than that of group 4. Moreover, there was a small number of lymphocytes positive for only ssDNA immunostain (Fig. 4a ). There were a few CDV-positive macrophages containing ssDNA-positive apoptotic bodies. These macrophages were morphologically easy to distinguish from CDV (+) / ssDNA (+) lymphocytes. Transmission electron microscopy: In electron microscopic examination, the lymphocytes in the CDV-infected lymph node had several morphological characteristics for apoptosis. Apoptotic lymphocytes showed peripheral crescents of condensed chromatin under the nuclear membrane (Fig. 5a ). Phagocytosis of apoptotic lymphocytes was also found within the phagosomes in macrophages (Fig. 5b) . Numerous crystalline-arrayed nucleocapsids, approximately 12 nm in diameter, were found in the cytoplasm of the macrophages (Fig. 5c) .
DISCUSSION
The present study demonstrated a high correlation between the ssDNA-immunostain and TUNEL method employed for the detection of apoptosis or DNA fragmentation [28] . However, these two methods were not always detected in the same regions, and the relationship between intensity of the CDV infections and positive index for those was not statistically equal. Generally, the TUNEL method tends to detect necrotic cells, as well as apoptotic cells, and not to label the early stage apoptosis. Besides, ssDNAimmunostaining was reported to detect the early apoptotic status without a non-specific reaction for necrotic cells [6, 13, 28] . Watanabe et al. [28] described that the positive Fig. 2 . The correlation of the positive index between immunohistology using monoclonal anti-ssDNA antibody and TUNEL methods. Positive nuclei in both methods were counted in randomly 40 fields at a magnification of × 400. r=+0.7165. Fig. 3 . The correlation between the distribution of CDV antigen and apoptotic index with immunostaining using ssDNA antibody (a) or TUNEL method (b). *; Statistically significant difference (p<0.05).
index for TUNEL was commonly higher than that for ssDNA in the same regions of human colorectal carcinomas. Unlikely, positive index for ssDNA-immunostaining was slightly larger than that for the TUNEL method in this study. The reason might be that the necrosis visualized through the TUNEL method more prominently occurred in the colorectal carcinomas than the CDV-infected lymphoid tissues. In addition, early apoptotic stage detectable only by ssDNAimmunostaining might be more frequent in the CDVinfected tissues. Thus, the mAb for ssDNA may be useful to visualize apoptosis in CDV-infected lymphoid tissues. In addition, ultrastractural examination by an electron microscope indicated lymphocytes in the CDV-infected lymph node undergoing the process of apoptosis [2] . Aggregated CDV nucleocapsids (12 nm) were generally found in the cytoplasm of macrophages. These findings confirmed that the ssDNA and TUNEL results were not false-positive and detected DNA fragmentation. By using both ssDNA immunostaining and TUNEL method, the incidence of apoptotic cells or DNA fragmentation was statistically higher in group 4 as compared with that in group 2. Concerning the TUNEL method, there was a statistical difference between groups 4 and 1, and between groups 3 and 1 or 2. These findings indicate that CDV may induce apoptosis in the lymphoid tissues as reported previously [10, 19, 25] . Apoptotic cells might be extensively induced in the lymph nodes by CDV infection. It has been said that CDV infected both T-and B-cell dependent areas and induced notable lymphopenia in the acute or sub-acute phase [15, 18, 31] . In the present study, the CDV-infected lymphoid tissues showed various degrees of lymphoid depletion. These results may indicate CDV-induced apoptosis in lymphocytes turns out the essential factor of immunosuppression in the incipient stage of CDV infection. Even in group 3, the number of apoptotic cells increased in comparison with those in group 1 or 2, whereas infected cells were mostly macrophages or histiocytes in the medullary sinus. The double labeling immunostain with ssDNA and CDV-NP antibody revealed that the intact non-infected cells adjacent to the ssDNA (+) / CDV (+) lymphocytes also showed apoptosis. In the previous study, it has been considered that viruses such as the human immunodeficiency virus, bovine herpes virus, and MV induce apoptosis in noninfected cells, especially in T cells adjacent to infected cells by a direct or indirect effect [5, 12, 22, 30] . Tipold et al. [27] found that cultured mononuclear cells derived from CDV-infected dogs were greatly reduced, in contrast to the infected cells which did not show a very high infection rate. In addition, Okada et al. [21] reported apoptosis-related molecules such as the CD95 (Fas) and TNF-related apoptosis-inducing ligand-receptor were highly expressed on the surface of most surviving non-infected lymphocytes and natural killer cells, increased in number, and activated in the peripheral blood mononuclear cells from MV-patients. The reports suggested the CDV could induce apoptosis not only in infected-cells but also in non-infected cells.
On the other hand, apoptotic cells were detected in the germinal center in group 1. Group 2 showed approximately the same degree of apoptosis as compared with group 1. The lymphoid tissues in group 2 had no CDV antigens, and seemed to be repaired as shown by forming immature lymph follicles without the secondary follicles. However, dogs in group 2 were suffering from viremia. In the previous experimental studies [15, 18] , the evidences of repair as mentioned above were found in 5 weeks after inoculation, but the viremia continued for 8-10 weeks. The cause of long lasting immunosuppression and viremia may be related to the followings: CD4+ T cell depletion can disturb B cell maturity by depression lymphokines and secondary follicles replacement [11] , or lack of mRNA transcript of pro-and anti-inflammatory cytokines in whole blood sample can obstruct directly lymphocyte function in a dog with viremia [9]. Similar events may also occur to cause immune suppression and persistent CDV-infection in the dogs of group 2. Recently, it has been suggested MV-induced immunosuppression is due to cell cycle arrest in the G 0 /G 1 phase of uninfected lymphocytes after contracted with MV glycoprotein activating on surface of MV-infected cells [3, 16, 17, 20, 26] . The cell cycle arrest is suggested to be associated with low accumulation levels of cyclin D3 and E, low activity of G 1 cyclin-dependent kinase, and accumulation of CDK inhibitor, p27
Kip1
. Thus, a similar phenomenon might be also possible to say for the CDV-infected lymph nodes.
In conclusion, the present study has proved that CDV induces apoptosis in the lymphocytes of infected dogs. In addition, it is implied that CDV seems to cause apoptosis not only in infected cells but also in non-infected cells by certain indirect mechanisms. To elucidate the mechanisms of CDV-associated apoptosis in the lymphoid tissues, especially lymphocytes, and the pathogenesis of lymphoid depletion in CDV-infected dogs, further immunologic investigations will be needed.
